Key enzymes in glucose utiliz~tion
The enzymes of glucose metabolism in rat mammary gland with activities of the same order as the rate of glucose utilization in vitro are hexokinase, phosphofructokinase, pyruvate dehydrogenase and acetyl-CoA carboxylase ( Table 1 ; Gumaa et al., 197 I ; Baldwin & Yang, 1974) , and theseenzymes haveall beenimplicatedasregulatoryenzymes in other tissues (Newsholme &Start, 1974) . Glucose uptakerequireshexokinase, which is present predominantly as the type-I and type-I1 isoenzymes ( K , for glucose 10-5-10-4~) in rat mammary gland during lactation and is likely to be saturated with glucose (Baldwin &Yang, 1974) . Theglycolyticflux is determined by phosphofructokinase, although it has not yet been established that the enzyme in mammary gland is susceptible to inhibition by citrate and ATP (Baldwin & Yang, 1974) . Pyruvate dehydrogenase determines the proportion of glucose carbon that is converted into lactate or lipid [Denton et al., 1975; Goheer & Coore, 1977 (the present colloquium)], and alterations in the activity of this enzyme may play an important role in the control of the disposal of glucose by the mammary gland. Utilization of acetyl-CoA generated by cleavage of citrate in the cytosol is controlled by acetyl-CoA carboxylase, which is activated by citrate and Mg2+ and inhibited by certain fatty acids or their acyl-CoA thioesters in rat mammary gland (Miller & Levy, 1969; Miller et al., 1970) . The enzymes of the pentose phosphate pathway are present in high activity in the gland, and control of flux through this pathway is likely to be related to the rate of fatty acid synthesis, since the supply of NADP+ in mammary gland is low and probably rate-limiting (McLean, 1960) . In addition, the flux through the glycolytic and pentose phosphate pathways is closely 'coupled' in mammary gland and other lipogenic tissues, but the precise mechanism is not clear (Abraham et al., 1957; Gumaa et al., 1971 ; Katz & Wals, 1972) . For a compre- The rate of glucose utilization (1.6pmol/min per g wet wt.) in isolated acini (Robinson & Williamson, 1977a) has been set at unity, and the enzyme activities have been related to this. They were obtained from the published values of Gumaa et al. (197 1) Baldwin & Yang (1974) .
Insulin and glucose metabolism
As in other insulin-sensitive tissues, including muscle and adipose tissue (Katzen, 1967) , the ratio of the type-I1 to type-I isoenzyme of hexokinase is high in rat mammary gland during lactation (Walters & McLean, 1967) . Insulin insufficiency caused by alloxan or anti-insulin treatment results in decreased binding of the type-I1 isoenzyme of hexokinase to the mitochondria (Walters & McLean, 1968b) , and glucose oxidation and lipid incorporation are decreased in mammary-gland slices prepared from insulin-deficient rats (Walters & McLean, 1968~) . However, in incubations of mammary-tissue slices and dispersed cells from normal rats, insulin causes only marginal stimulation (20-50% increase) of C 0 2 production and lipid incorporation from 14C-labelled glucose, and this stimulation is not abolished by increased glucose concentrations (Katz & Wals, 1972; Baldwin & Yang, 1974; Katzet al., 1974; Robinson &Williamson, 1977~) . These findings are in marked contrast with the effects of insulin in adipose tissue and muscle, and suggest that activation of glucose uptake and subsequent phosphorylation is not the major site of insulin action in mammary tissue (Baldwin & Yang, 1974) . By analogy with adipose tissue, other potential sites of insulin action include the pyruvate dehydrogenase and acetyl-CoA carboxylase reactions. A decrease in the concentration of long-chain fatty acyl-CoA (a potent inhibitor of both enzymes), brought about by insulin, has been proposed as a common mechanism for the activation of these two enzymes in adipose tissue (Denton & Pogson, 1976) . Whether insulin can act in a similar manner in the mammary gland is still a n open question, but there is evidence which suggests that insulin may act at some step in the pathway of lipogenesis (i.e. after the generation of mitochondria1 ci trate ; see below).
Inhibition of glucose utilization by other substrates
A number of physiological substrates of the lactating mammary gland of the rat, namely acetoacetate, pyruvate and lactate, but not acetate, inhibit the utilization in vifro of glucose and its incorporation into lipid in preparations of the gland (Katz et al., 1974; Williamson et al., 1975; Yang & Baldwin, 1975; Bartley &Abraham, 1976) . The inhibition of glucose utilization by these substrates may be related to alterations in the redox state of the mammary-gland cells, with consequent inhibition of lipogenesis (Katz et al., 1974; Yang & Baldwin, 1975) . In the case of acetoacetate, evidence has been presented that the inhibition may be due to increased formation of acetyl-CoA, causing an increase in citrate concentration, which inhibits phosphofructokinase; this in turn results in inhibition of hexokinase via an increase in glucose 6-phosphate concentration (Williamson et al., 1975) . The decreased flux through the glycolytic pathway limits the availability of glycerol 3-phosphate and acetyl-CoA, which in turn decreases lipogenesis and increases the concentration of NADPH, a potent inhibitor of glucose 6-phosphate dehydrogenase in many tissues (Glock & McLean, 1953; Bonsignore & De Flora, 1972; Sapag-Hagar et al., 1973) . If this secondary inhibition of the pentose phosphate pathway did not occur, then despite the presence of acetoacetate and increased citrate concentration, the concentration of glucose 6-phosphate would presumably decrease and thus relieve the inhibition of hexokinase.
A novel finding is that the acetoacetate inhibition of glucose utilization is relieved by insulin in both mammary-gland slices (Williamson et al., 1975) and isolated acini preparationsofthegland (A. M. Robinson & D. H. Williamson, unpublished work). This effect of insulin is accompanied by decreases in citrate and glucose 6-phosphate concentrations which are consistent with a removal of the postulated inhibition of phosphofructokinase. In these studies, insulin increased the incorporation of carbon into lipid from both glucose and the added substrate, acetoacetate. A similar effect of insulin has been found in incubations of mammary tissue with glucose and pyruvate, lactate or acetate (Walters & McLean, 1968~; Yang & Baldwin, 1975) and provides further support for the proposal that insulin may act at a site in the pathway of lipogenesis.
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Alterations in glucose metabolism in starvation
As stated above, the mammary gland represents a major site of glucose utilization in the lactating rat and, in starvation, continued uptake of glucose by the gland would impose a considerable strain on the rat's ability to maintain normoglycaemia via gluconeogenesis (Table 2) . However, there appear to be mechanisms to prevent this drain on glucose supplies. After starvation (16-24h) , glucose uptake across the mammary gland is decreased by 50% without any significant alteration in the arterial concentration, and lactate and pyruvate are released rather than being extracted by the gland ( Williamson, 1977a) . From the arteriovenous-difference measurements it can be calculated that the removal of C3 units (as glucose, lactate and pyruvate) by the gland is decreased by over 80% in starvation (Table 2 ). This calculation is based on the assumption that blood flow to the gland does not decrease with starvation, and this has been shown not to hold for the goat (Annison et al., 1968) . However, if blood flow decreases with starvation in the rat, the actual decrease in glucose uptake which occurs would be greater than the estimated decrease ( Table 2) .
Acini isolated from mammary glands of 24h-starved rats show a decreased (25 %) glucose uptake compared with acini from fed rats, and 65 %of this uptake can be accounted for as lactate-plus-pyruvate accumulation (Robinson & Williamson, 1977a) . The parallel changes in lactate and pyruvate production found in the incubations of acini and in the gland in vivo are consistent with inactivation of pyruvate dehydrogenase in the gland on starvation, as has been found by Kankel & Reinauer (1976) 1 9 7 7~) are associated with the decreased glucose utilization in starvation. The decreased uptake of glucose by acini from starved lactating rats can be reversed by the addition ofinsulin, but thelargeaccumulationoflactateand pyruvate isunaffected, suggestingthat the hormone is not readily able to activate pyruvate dehydrogenase, at least under the experimental conditions used (Robinson & Williamson, 1977~) .
An outstanding question is the mechanism(s) by which glucose uptake and pyruvate oxidation are inhibited in the glands of starved lactating rats. The ability of acetoacetate (which is taken up by the gland in starvation) to inhibit glucose utilization in vitro has led to the proposal that the increased blood ketone-body concentrations may be respon- Table 2 . Effects of starvation or administration oj'acetoacetate to fed lactating rats on the utilization of glucose by mammary gland
The flux rates are expressed in mmo1/24 h. The values for glucose utilization and lactate and pyruvate utilization (-) or production (+) were calculated from arteriovenousdifference measurements across the gland (Robinson & Williamson, 1977a 
Flux rate
Lactating rat (10-1 8 days)
Male rats (330g) In summary, current knowledge suggests that the control of glucose utilization in rat mammary gland is similar in many respects to that in other rat tissues, but there are differences related t o the gland's role as a major biosynthetic organ. Thus the glycolytic, pentose phosphate and lipogenic pathways are closely integrated, and perturbation of any one pathway by substrate or hormonal changes appears to affect the other pathways and glucose uptake. The gland's consumption of glucose is dramatically decreased in starvation, and one factor responsible for this change may be the increased availability of ketone bodies in the blood. 
